Session 3aPP: Auditory Physiology and Modeling (Poster Session) 3aPP34. Simultaneously-evoked auditory potentials: a novel paradigm for measuring auditory-evoked electroencephalographic activity at successive levels of the auditory neuraxis.
INTRODUCTION
Classic electrophysiological studies of experience-driven plasticity in the auditory system have focused predominantly on activity recorded from cortical generators (for a review see : Näätänen, 2008; Pantev et al., 2003; Trainor et al., 2011; Tremblay et al., 2001) . The notion that subcortical auditory nuclei may also be amenable to plastic and/or modulatory processes in adults is a relatively recent development. Neurons in the auditory brainstem are specialized for detecting and preserving temporal information contained in the incoming auditory signal. The high fidelity with which the auditory system is able to encode incoming temporal information is central to our sense of hearing. For example, below 4 kHz, pitch discrimination relies on auditory neurons accurately phase-locking to the impinging sound. Similarly, sound localization in the azimuth depends on the auditory system's ability to detect minute phase differences between the two ears (Tzounopoulos & Kraus, 2009 ). The precision required of these specialized subcortical nuclei suggests little room for top down modulation or plastic processes. However, recent electroencephalographic (EEG) work is beginning to show that attention-and experience-driven modulation/modification of auditory processing not only extends beyond the cortical and/or thalmo-cortical level, affecting activity in subcortical auditory structures such as the inferior colliculus (for review see Skoe & Kraus, 2010) and even the outer hair cells of the auditory periphery (Srinivasan et al., 2012) , but that this influence is measurable in scalp-recorded evoked-potentials and otoacoustic emissions.
Studying the interaction of subcortical and cortical activity in the auditory system during acoustic training, through early development, or under conditions of selective attention, would help to better understand the complex dynamics underlying acoustic learning and thus hearing. To date, no such investigation has been conducted in human subjects. Here, we propose the use of a novel paradigm, termed SEAP (SimultaneouslyEvoked Auditory Potentials), for the concurrent measurement of cortical and subcortical evoked potentials in normal-hearing adults. The key to this SEAP paradigm lies in a stimulus consisting of a carrier frequency (500 Hz) that is amplitude-modulated (depth 100%) at the sum of 37 and 81 Hz. The stimulus is presented to participants monaurally at a rate of 1 Hz (duration 500 msec). At random, for 15% of trials, the carrier frequency is changed from 500 to 600 Hz.
SEAP should be able to evoke several well established auditory potentials. First, the carrier frequency of 500 Hz should elicit a frequency-following (FFR) response component at 500 Hz. This response reflects subcortical activity, likely originating from the inferior colliculus, and has been shown to reflect auditory processing proficiency associated with attention and experience (Skoe & Kraus, 2010) . Second, the amplitude modulation rates of 37 and 81 Hz should elicit auditory steady-state responses (ASSRs) at 37 and 81 Hz, respectively. ASSRs reflect neural oscillations driven at the rate of stimulation, or in this case, amplitude modulation (Galambos et al., 1981) . The 37 Hz oscillation belongs to the class of 40Hz ASSRs which are likely generated in the primary auditory cortices (Herdman et al., 2003) . This class of steady-state responses is known to reflect attention (Lazzouni et al., 2010) and auditory training (Bosnyak et al, 2004 (Bosnyak et al, , 2007 . The 81 Hz oscillation belongs to the class of 80 Hz ASSRs first described by Kuwada et al. (1986) . These high-frequency ASSRs are generated somewhere in the auditory brainstem (Herdman et al, 2002) , potentially in the cochlear nucleus whose neurons respond best to modulation rates above 80 Hz (Frisina et al., 1990) . No studies have yet examined the potential roles of attention or experience on the morphology of the 80 Hz ASSR. Unlike the 40 Hz ASSR the 80 Hz ASSR is not affected by participant arousal or wakefulness (Cohen et al., 1991) . Third, auditory stimulation should elicit an obligatory N1-P2 complex reflecting a activity in the supra-temporal plane, likely in or around the auditory cortex (Hari et al., 1980; Näätänen & Picton, 1987) . The N1-P2 complex has been shown to be affected by training (e.g. Tremblay et al., 2001; Shahin et al., 2004) , passive experience (Ross & Tremblay, 2009) , and attention (Okita, 1979) . Fourth, the infrequent transition in carrier frequency from 500 to 600 Hz should elicit the mismatch negativity response (MMN). The MMN reflects activity in secondary auditory cortex and is used extensively as a means of probing cortical plasticity following auditory training, experience, and exposure (Näätänen, 2008) .
We expect the amplitude modulated SEAP stimulus to elicit all of the aforementioned responses in normal hearing adults. This experiment intends to (i) prove the viability of the SEAP paradigm, and (ii) collect normative data regarding how the SEAP responses (37/81 Hz ASSR, 500 Hz FFR, N1-P2, and MMN) are related within individuals during passive exposure. We expect responses between subjects to exhibit variable morphology; however, amplitude, phase and latency of the responses should show some correlation withinsubjects, particularly between cortical and subcortical generators. 
METHODS

Subjects
A total of 26 adult undergraduate subjects (mean 19.26 years, 9 male) were recruited from the McMaster Undergraduate Psychology subject pool. After obtaining informed consent, subjects were asked to complete a brief hearing history questionnaire. All subjects reported having normal hearing at the time of the experiment and showed no signs of hearing-impairing illness. Audiometric thresholds for the target stimulus did not exceeded 15 dB SPL in any subject (mean: 8.57 dB SPL, SD: 4.97). Participation was remunerated in partial course credit. This research was approved by the McMaster Research Ethics Board (MREB).
Stimulus
The SEAP stimulus consisted of a 500 msec pure tone carrier, amplitude modulated at the sum of 37 and 81 Hz (depth 100%). To prevent additional modulation of the carrier at f 2 -f 1 , modulation rates were chosen such that they did not share a simple harmonic relationship. The pure tone carrier was fixed at 500 Hz for 85% of trials (standard presentations). In order to elicit an auditory oddball response, the carrier frequency was changed at random to 600 Hz on 15% of trials (oddball presentations). All oddball presentations were separated by at least 2 standard presentations .
The stimuli were generated using a Tucker-Davis Technologies (TDT) RP2.1 Enhanced Real-time Processor controlled by TDT RPvdsEX (v.5.4) software running on a Compaq Evo D51C (Intel P4 @ 2.4 Ghz, 1 GB RAM, Windows XP x86 SP2). The output of the TDT RP2.1 was routed through a TDT P5A Programmable Attenuator before passing into a TDT HB7 Headphone Driver (0 dB gain). Attenuation was set to 23.9 dB producing a stimulus presentation level of 83 dB SPL (70 dB nHL). Presentation levels were calibrated using a Bruël & Kjaer Artificial Ear (Type 4152) connected to a Bruël & Kjaer 2260 Investigator sound level meter (SLM). The TDT HB7 drove a single, right-channel Etymotic ER-3 (10 Ohm) ear-insert transducer.
To prevent electromagnetic contamination of the EEG data, the ER-3 transducer was kept outside of the sound-attenuated testing chamber. Sound was delivered to subjects through a 292 cm length of 6 mm (insidediameter) black flexible PVC tubing coupled to the ER-3's stock 27.6 cm length of 1.93 mm (inside-diameter). Inside the booth, the flexible PVC tube was coupled to a 13 mm disposable adult foam ear-insert tip (ERI-14A) which subjects would insert into their right ear for stimulus delivery. The entire length of the tube assembly was 354.6 cm, which theoretically delayed sound delivery by approximately 10.42 msec (assuming speed of sound = 340.29 m/s at sea level). A Digital Room Correction (DRC) algorithm (http://drc-fir.sourceforge.net/) was used to correct for the frequency response of the modified tube assembly. The DRC algorithm produced a 1000 tap finite impulse response (FIR) filter which was applied in the TDT RPvdsEX software to correct the spectral distribution of all sound output. Analysis of the impulse response generated by the filtered output revealed nearly uniform energy (+/-3 dB) in the frequency domain from 20 to 4000 Hz.
Precise stimulus delay, introduced by the extended tube assembly as well as implementation of the FIR filter, was defined as the latency between the TTL pulse denoting stimulus onset and the actual arrival of sound at the ear insert. Sound at the ear insert was measured using a Bruël & Kjaer Artificial Ear (Type 4152) connected to a Bruël & Kjaer 2260 Investigator SLM. The AC level output of the SLM was recorded through a bipolar channel on the SynAmps RT amplifier. Stimulus onset delay, relative to the TTL pulse, was measured to be 45.6 msec. All subsequent measures of latency, as well as markers of stimulus onset, have been adjusted to reflect this delay.
Recording Paradigm
The experimental session consisted of a single block of 2000 trials. Trials were defined by the presentation of a 500 msec SEAP stimulus followed by a 500 msec interstimulus interval (ISI). The block lasted approximately 34 minutes and the total experimental session, including subject orientation, electrode placement, and debriefing, was complete in less than 60 minutes. This presentation scheme yielded a total of 2000 FFR trials, 2000 ASSR trials, 1700 N1/P2/MMN standard trials, and 300 MMN oddball trials per subject, prior to artifact rejection.
During the experiment, subjects sat on a comfortable chair in a sound-attenuating booth. To maintain subject arousal, a silent, subtitled DVD movie displayed on a computer monitor positioned at 1 m directly in front of the chair. Subjects were instructed to remain as still as possible and focus their attention on the film. EEG data were collected using a Compumedics Neuroscan SynAmps RT amplifier (Model: 9032) and Compumedics SCAN 4.5 Aquire software running on an Intel PC (Intel Core i5 @ 3.33 GHz, 4 GB RAM, Windows 7 x64). The amplifier sampled voltage from the electrodes at a rate of 20,000 Hz using a 24-bit A/D converter, operating in a range of +/-350 mV, and resulting in a least significant bit (LSB) resolution of 41 nV (0.700 V/2 24 ). Stimulus onset was denoted by a TTL pulse sent to the SynAmps RT amplifier from the TDT RP.2.1. Three Ag/Cl sintered electrodes were filled with a conductive gel (Signa Gel) and attached to subjects via double-sided tape washers. Electrode placement followed the classic ABR vertical montage: ground electrode applied to the center of the forehead, reference electrode applied on the back of the right earlobe (ipsilateral to stimulus delivery), and recording electrode (Cz) applied to the vertex of the skull. Electrodes were connected to bipolar channels on the SynAmps RT headbox in accordance with Skoe and Kraus (2010) and, specifically, as instructed through personal correspondence with the Kraus lab. The recording channel was subject to a hardware bandpass filter of 0.5 to 3000 Hz and a software notch filter at 60 Hz. Electrode impedance of all subjects was kept below 50 kΩs (mean 28.19 kΩs; SD: 21.82). Four subjects were excluded for failing to achieve electrode impedance below 50 kΩ.
Data Analysis
Recorded data were epoched between -95 and 650 msec, relative to the corrected stimulus onset, using BESA software (v.5.1.8 ). Prior to artifact rejection, the data were bandpass filtered the between 0.5 and 1000 Hz (12 dB/octave; zero-phase). Epochs were rejected through BESA's artifact rejection tool if they contained activity that exceeded ± 120 μV. Data from 2 additional subjects were excluded from subsequent analyses for failing to produce 80% trial acceptance at the rejection criterion. Accepted trials were averaged according to response type (ASSR/FFR or N1-P2/MMN Standard or MMN Oddball) before being transferred into MATLAB R2009a (v.7.8.0.347) for further analysis.
Digital Fourier transforms (DFTs) of the steady-state response waveforms were calculated on a portion of the response ranging from 5 to 455 msec post stimulus onset. A spectral resolution of 1 Hz was maintained by zero-padding the data from the extracted portion of the response epoch to 20,000 data points. Amplitude and unwrapped phase values of the 37 Hz, 81 Hz, and 500 Hz spectral components were extracted from the DFTs of the response waveforms. Unwrapped phase values were converted into phase delays as described in John and Picton (2000) . The power of the response components, as well as 40 neighbouring non-response components (20 on either side), were extracted from each subject's averaged epoch and used to assess response presence via the F test method described in Zurek (1992) . DFT amplitudes and phase delays of all response components from each subject were recorded for later statistical analysis. All measures were then grand averaged across subjects.
Standard and oddball MMN trials were subject to low-pass filtering at 20 Hz in MATLAB to remove high frequency noise and any amplitude modulation related to the 37 Hz ASSR. Baseline correction was applied to each response by subtracting the average amplitude in the pre-stimulus window (-95 to 0 msec) from the entire epoch. Difference waves were calculated by subtracting the filtered standard response from the filtered oddball response . Latency and amplitude values of the negative peak of the difference wave were measured between 100 and 250 msec post stimulus onset and extracted for later statistical analyses. Amplitudes of the MMN peak collected from all subjects were tested against zero amplitude using a two-tailed, single sample t-test (α = 0.05). Grand averages of the standard, oddball, and difference waves were computed by averaging each response type across all participants.
Amplitude and latency measures of the N1 and P2 components were extracted from the standard MMN waves of each subject. The peak of the P2 component was defined as the minimum value between 55 and 155 msec post stimulus onset. The peak of the P2 component was defined as the maximum value between 105 and 255 msec post stimulus onset. Latencies corresponding to the peak of the N1 and P2 components were also extracted from all subjects.
Amplitude data extracted from the SEAP responses, comprising the peak amplitudes of the N1, P2, and MMN components and the DFT amplitudes of the FFR and ASSRs, were subject to a Pearson's correlation analysis for repeated-measures (2-tailed, α = 0.05) using IBM's SPSS software (v.19.0.0). The same correlation analysis was carried out for phase and latency data extracted from the SEAP responses, which included the phase delay of the FFR and ASSRs and the peak latency of the N1, P2, and MMN components.
RESULTS
The F ratio of each steady-state SEAP component from each subject was calculated by dividing the power in the relevant spectral component by the average power in 40 surrounding non-response components. The significance of this F ratio was then evaluated against critical values of F with 2 and 80 degrees of freedom (Zurek, 1992) . The test revealed significant steady-state SEAP components in all but 4 subjects. Visual inspection of the data confirmed that these subjects were missing the responses at 37, 81, and/or 500 Hz and so these data were eliminated from further examination. Therefore, the final sample referred to in all subsequent analyses and figures consisted of 16 subjects (mean 19.45 years; 4 male).
The grand averaged standard (blue), oddball (red), and difference (black) waves are presented in Figure 1 . In all subjects, the negative peak of the difference wave, defined as the MMN, was significantly different from zero (p < 0.001). Average peak amplitude and latency data for the MMN as well as the N1 and P2 components are summarized in Table 1 . The morphology of the MMN response is typical of MMN components elicited by pure tone deviants (Näätänen et al., 2007) . Similarly, the average N1-P2 peak-to-peak amplitude (1.93 μV, SD: 0.99) corresponds well with values established in the literature (e.g. Tremblay et al., 2001 ).
Time and frequency domain representations of the grand averaged steady-state responses are shown in Figures 2-4 . Steady-state DFT amplitudes and phase delays are summarized in Table 2 . The spectral amplitudes of the 37 and 81 Hz ASSR components are in agreement with previously published figures (e.g. Bosnyak et al., 2007; D'haenens et al., 2008) . The spectral amplitude of the 500 Hz FFR is also in agreement with published figures (Skoe & Kraus, 2010) .
The Pearson's correlation analysis of the amplitude data revealed a highly significant correlation between the N1 and P2 response amplitudes, r(14) = .822, p < 0.01; however, neither N1 or P2 amplitudes were significantly correlated with the amplitude of any other response component. The analysis also failed to find a significant relationship between the amplitude of the MMN and the amplitude of any other component. The amplitude of the FFR was found to predict the amplitudes of both the 37 Hz ( Figure 5 ) and 81 Hz ( Figure 6 ) ASSR components (r(14) = .533, p < 0.05, and r(14) = .804, p < 0.01, respectively). There were no other significant correlations among the amplitude of the response components. A second Pearson's correlation analysis of the phase and latency data did not reveal any significant relationships between the response components. 
DISCUSSION AND FUTURE WORK
The relationship between the amplitudes of the N1 and P2 components was expected given reports from the literature (e.g. Tremblay et al., 2001) . However, neither the amplitude of the N1 or the P2 component correlated with the amplitudes of the remaining SEAP responses. We were also surprised by the lack of significant correlations between the amplitude of the MMN and that of the other SEAP responses. Our null results for these amplitude measures, as well as the phase and latency measures, might reflect high within-subject variability over the recording session (34 minutes). It is possible that top-down attention is needed in order for the processes reflected by these components to become highly coupled. We are currently comparing the relationships between SEAP responses under conditions where subject attention is experimentally manipulated. Specifically, we are comparing conditions where subjects are asked to either attend to the auditory stimulus or to a visual stimulus.
The positive relationship between the amplitude of the FFR and the amplitude of the 37 and 81 Hz ASSRs is a promising sign that the SEAP paradigm is sensitive enough to measure the interaction of subcortical and cortical activity. Given the purported generators of each component, it is unlikely that this relationship was caused solely by electrode placement or head size. Rather, it appears that activity in the inferior colliculus (FFR) is highly correlated with other subcortical acitivty (80 Hz ASSR) and significantly correlated with activity in the primary auditory cortex (37 Hz ASSR). Under passive listening conditions, these correlations are likely a result of conserved stimulus fidelity in the ascending auditory pathway. However, it remains to be seen how corticofugal modulation, induced by training or under conditions of selective attention, will modify the strength of the correlation between the subcortical FFR and the cortical 37 Hz ASSR.
CONCLUSION
This study demonstrates that the SEAP paradigm is a viable means of eliciting multiple auditory-evoked potentials, simultaneously. Moreover, we have shown that the amplitude of the subcortical FFR predicts the amplitudes of both the subcortical 81 Hz ASSR and the cortical 37 Hz ASSR. This method of concurrently measuring activity from multiple sources along the neuraxis opens an exciting and largely unexplored window into the dynamics of auditory encoding between subcortical and cortical nuclei during selective attention and auditory learning.
